In mammals, long-term memory induced by Pavlovian fear conditioning has been shown to be dependent on the amygdala during a protein and mRNA synthesis-dependent phase of memory consolidation. We have used genes identified in a kainic acid model of synaptic plasticity as in situ hybridization probes during the consolidation period after fear conditioning. We found that these genes were transcriptionally regulated in several brain areas only when stimuli were presented in a manner that supported behavioral learning and not after unpaired presentations or footshocks alone. Immediate early genes and neurofilament mRNA peaked ϳ30 min after conditioning, as expected. Interestingly, nurr-1, ␣-actinin, and 16c8 increased ϳ2-4 hr later, whereas neurogranin and gephyrin decreased during that time. Our results suggest that fear memory consolidation occurs within a broad neural circuit that includes, but is not limited to, the amygdala. Together, a broad array of transcriptionally regulated genes, encoding transcription factors, cytoskeletal proteins, adhesion molecules, and receptor stabilization molecules, appear to mediate the neural plasticity underlying specific forms of long-term memory in mammals.
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The early, middle, and late temporal phases of memory formation have been well described in invertebrates (Bailey et al., 1996; Dubnau and Tully, 1998) . The mechanisms of long-term memory (LTM) in intact mammals have been assumed to have early and late phases of consolidation similar to simpler organisms (McGaugh et al., 1996; Abel et al., 1997; Walker and Davis, 2000; Carew and Sutton, 2001; Schafe et al., 2001) . It is thought that activation of cAMP response element-binding protein (CREB) and other immediate early transcription factors [immediate early genes (IEGs)] leads to the transcriptional activation of other genes that presumably play an important role in the structural and functional neuronal changes involved in mammalian LTM (Radulovic et al., 1998; Rosen et al., 1998; Silva et al., 1998; Josselyn et al., 2001) . Despite great advances in the understanding of the rapid events in the cellular mechanisms of learning, it remains unclear what many of the later transcribed genes might be. To our knowledge, there has been no systematic study of multiple genes involved in synaptic plasticity during the consolidation phase of a behaviorally relevant learning task.
Pavlovian fear conditioning has provided an excellent model system to study learning that occurs in a very short time frame, so that the temporal relationship between sensory stimuli can be tightly controlled (Davis; 1992; LeDoux, 1998; Fendt and Fanselow, 1999) . This model has been studied extensively, and it is known that coincident sensory input coming into the basolateral amygdala (BLA) leads to conditioning. Thus, a previously neutral conditioned stimulus (CS) paired with an aversive unconditioned stimulus (US) now produces a hypothetical state of fear that leads to a fear response in the presence of the CS. This memory has been shown to have a consolidation period that is dependent on NMDA (Miserendino et al., 1990) , phosphorylation (Schafe et al., 2000) , and protein synthesis (Schafe et al., 1999) . There is also some evidence that it is mRNA transcription dependent (Bailey et al., 1999) . Although much evidence points to the lateral nucleus of the amygdala as the primary site for coincident learning of the US-CS association (Fanselow and LeDoux, 1999) , there is also significant evidence that a broader neural circuitry underlies fear memory that is modulated by amygdala activity (Packard et al., 1994; McGaugh et al., 1996) .
Although most studies of gene expression involved in fear conditioning have focused on single genes and generally limited time courses after learning (Campeau et al., 1991; Rosen et al., 1998; Jones et al., 2001) , it is probable that a large number of genes will be involved at various stages of synaptic plasticity. To evaluate this possibility, we initially characterized the expression of a relatively large number of transcriptionally activated genes after kainic acid (KA) treatment. This treatment provides a robust model of synaptic plasticity that leads to the apparent induction of new synapse formation and structural reorganization (Ben-Ari and Represa, 1990; Nedivi et al., 1993; Wheal et al., 1998) . Using in situ hybridization, we screened the expression of 40 genes initially and then 21 genes in detail that were induced by KA. A significant number of these were also transcriptionally regulated during consolidation in the amygdala and other limbic regions after CS-US pairings but not after unpaired or US alone presentations. Together, these findings suggest that the mechanisms underlying LTM of fear conditioning involve the transcriptional regulation of a broad combination of genes that mediate synaptic plasticity throughout a distributed neural circuit, including, but not limited to, the amygdala.
MATERIALS AND METHODS Animals
A total of 78 adult male Sprague Dawley rats (Charles River, Raleigh, NC) weighing between 300 and 400 gm were used. Animals were housed in group cages of four rats each in a temperature (24°C)-controlled animal colony, had ad libitum access to food and water, and were maintained on a 12 hr light /dark cycle. All behavioral procedures took place during the light cycle and were approved by the Institutional Animal C are and Use Committee.
Kainic acid treatment
Methods were as described previously (Crispino et al., 1998; Hevroni et al., 1998) . Briefly, 10 mg / kg kainic acid (Sigma, St. L ouis, MO) was given intraperitoneally 6 hr before animals were killed. Animals were observed for the presence of mild seizure activity, which generally began 30 -90 min after K A injection and subsided shortly thereafter. Animals were deeply anesthetized with 100 mg / kg Nembutal intraperitoneally and were perf used intracardially with fresh 4% paraformaldehyde. Eight animals were used (four naive and four K A) in two different experiments with K A.
General behavioral procedures
Animals were trained and tested in identical cages suspended between compression springs within a ventilated, sound-attenuated chamber as described previously (C assella and Davis, 1986; Walker and Davis, 2000; Paschall and Davis, 2002) . C age movement resulted in displacement of an accelerometer, the analog output of which was amplified and digitized. Startle amplitude (reported in arbitrary linear units) was defined as the peak accelerometer voltage (integrated as velocity) that occurred during the first 300 msec after onset of the startle stimulus. All stimulus input and accelerometer output were automated using a Macintosh G3 computer and custom-designed software. Background white noise was delivered through high-frequency speakers placed 8 cm from the front of each cage. Startle responses were evoked by 50 msec, 95 dB white-noise bursts (0 -22 kHz) delivered through the same speakers. The US was a 0.5 sec, 0.4 mA footshock delivered through cage floor bars (C assella and Davis, 1986; Walker and Davis, 2000; Paschall and Davis, 2002) . Visual C S for training and testing was a 4 sec light (82 lux) produced by an 8 W fluorescent bulb (100 sec rise time) located 10 cm behind each cage. The odor C S was 5% amyl acetate (Sigma) diluted in propylene glycol. This odor was delivered for 4 sec through an olfactometer (model E15-03; Coulbourne Instruments, Allentown, PA) mounted outside the sound-attenuating chamber as described previously (Paschall and Davis, 2002) . The olfactometer allowed the odor to be blended with an otherwise steady flow of air at an overall rate of 2 l /min. All stimuli were presented and sequenced under computer control.
Fear conditioning
Animals were pre-exposed to handling and placement in the training / testing chamber for 5 d before fear conditioning. During pre-exposure, baseline startle was measured on each of 2 d by presenting 30 startle stimuli at a 30 sec interstimulus interval (ISI). Animals were then divided into matched groups having equivalent baseline mean startle amplitudes. On the day of fear conditioning, the animal was brought to the room, allowed to habituate, and placed in the chamber as before. The C S -US pairing began after a 5 min acclimation period in the chamber.
E xperiment 1. In the light-shock paired group, 15 light-shock pairings were given with an average intertrial interval (I TI) of 2 min (range, 1-3 min), creating a 30 min training period. The shock (US) was delivered during the last 0.5 sec and coterminated with the 4 sec light (C S). The context control group was placed in the chamber as on the previous days for 30 min also, but no stimuli were given. T wo cohorts of animals were processed for experiment 1, with a total of 15 animals kept for behavioral testing 24 hr later and 21 animals killed at different time points.
E xperiment 2. In the light-shock paired group, 10 light-shock pairings were given with an average I TI of 4 min (range, 3-5 min), over a 40 min training session. The shock (US) was delivered during the last 0.5 sec of the 4 sec light (C S). The unpaired light-shock group received 10 light, 10 odor, and 10 shock stimuli, in a pseudorandom order, with an average I TI of 1.5 min (range, 1-2 min), such that there was no overlap between any stimuli, over a 40 min training session. The shock-only group received 10 shocks, which each lasted 0.5 sec, with an average I TI of 4 min (range, 3-5 min), over a 40 min training session. Animals from all groups (n ϭ 14 total) were returned after training to their home cage and were killed 2 hr later.
E xperiment 3. In the odor-shock paired group, five odor-shock pairings were given with an average I TI of 4 min (range, 3-5 min), creating a 20 min training session. The shock (US) was delivered during the last 0.5 sec of the 4 sec odor (C S). The unpaired odor-shock group was placed in the chamber and separately given five shock stimuli and five odor stimuli, with a 2 min ITI (range, 1-3 min), so that there was no overlap between stimuli. The context control group was placed in the chamber for 20 min without stimuli. Eight animals were kept for behavioral testing 24 hr later, and 12 animals were killed at different time points for in situ analysis.
Behavioral testing. T wenty-four hours after fear conditioning, rats were returned to the test chamber for testing for fear-potentiated startle. In experiment 1, 30 initial startle stimuli were presented in darkness at a 30 sec ISI (leader stimuli), followed by 30 startle stimuli presented in darkness (startle alone) and 30 startle stimuli presented 3.5 sec after onset of the 4 sec light (light startle) in a balanced, pseudorandom order at a 30 sec ISI. During the testing for experiment 3, 30 leader stimuli were followed by a total of 40 startle stimuli presented at a 30 sec ISI. The first of every four startle stimuli was presented 3.5 sec after the onset of the 4 sec odor stimulus. The following three stimuli were presented without odor, allowing for the comparison of odor-startle versus startlealone stimuli within the same session.
Startle amplitude was averaged over all of the startle-alone or light-/ odor-startle stimuli within the test session. Data are presented as the absolute level of startle and as a percentage of fear-potentiated startle [100 ϫ (startle amplitude on light or odor startle Ϫ startle-alone trials)/ startle-alone trials]. Statistical comparisons were made with ANOVA, paired, two-tailed t tests (within-group comparisons) or t tests for independent samples (between-group comparisons).
Preparation of clones and in situ hybridization
cDNA clones of c-fos and corticotrophin-releasing factor (CRF) genes were obtained as indicated. All other genes analyzed were obtained as follows: The rat coding sequence for a gene of interest [obtained from the K A plasticity data (Nedivi et al., 1993; Crispino et al., 1998; Hevroni et al., 1998; Wheal et al., 1998) ] was compared against the sequences from all known expressed sequence tags (ESTs) [National C enter for Biotechnology Information (NCBI) basic local alignment search tool (BL AST) EST database]. The highest-homology ESTs that were available as IM AGE consortium clones (mouse and human EST databases) were identified and purchased through the Research Genetics IM AGE consortium (w w w.resgen.com). Individual clones were sequenced to obtain sense/antisense orientation and to verif y the identity of the clone. All clones analyzed (Table 1) were Ն90% homologous with rat coding sequence as determined by NCBI BL AST.
Animals were given a lethal dose of anesthetic (100 mg / kg Nembutal, i.p.) at various time points after fear conditioning and were perf used with 4% paraformaldehyde in PBS. After overnight fixation, brains were rinsed with PBS and allowed to equilibrate at 4°C in 20% sucrose in PBS. Brains were rapidly frozen in crushed dry ice and stored at Ϫ80°C. Brains were sectioned at 12-16 m thickness on a Leica (Nussloch, Germany) Cryostat at Ϫ20°C onto gelatin-coated slides. All sections within the same experiment were of the same thickness. Frontal sections were placed on 25 consecutive slides per brain, such that each slide contained similar sections of brain from three different anatomical areas (anterior commissure, anterior amygdala, and posterior amygdala). In situ hybridization was performed as described previously (Sassoon et al., 1988; Ressler et al., 1993) except for the use of frozen sections instead of paraffin-embedded sections, with the omission of the dewaxing and rehydration steps described in those procedures.
35 S-UTP (N EN, Boston, M A)-labeled riboprobes were prepared from linearized receptor clones using T7, T3, or SP6 RNA polymerase. Hybridizations were performed at 52°C overnight as described previously (Ressler et al., 1993) under parafilm. After hybridization, slides were stringently washed as described and dried (Ressler et al., 1993) . The slides were placed alongside a linear radiation standard against Kodak (Rochester, N Y) magnetic resonance autoradiography film for 12 hr to 7 d.
Films were scanned into a personal computer at 600 dpi, and images were analyzed with Adobe Systems (San Jose, CA) PhotoShop software. Hybridization density quantitation was performed with the mean luminosity histogram feature of Adobe PhotoShop. This measure was shown to produce linear densities with 14 C radiation standards with the exposure times and levels used. Within an experiment, slides from all brains hybridized with the same probe were exposed to the same piece of film to ensure equivalent exposure times and conditions between animals and experimental groups. The relative level of mRNA expression (hybridization density) was determined as follows: (1) regions of interest (ROIs) were determined based on qualitative analysis. (2) For each section, density was determined for the ROIs and also for an adjacent area of the same size that did not have hybridization on the same section (background: the corpus callosum or internal capsule). Normalized density for each section was determined as the subtracted difference between the ROI density and background density. (3) The hybridization densities from two different cryostat sections per brain were examined and averaged to give the density for each individual per ROI. (4) For each ROI and experimental group, hybridization density is reported as the average density of all individual animals for that condition Ϯ SEM. Comparisons of means between experimental groups were performed with ANOVA followed by orthogonal contrasts using the SPSS (Chicago, IL) statistics package.
RESULTS

Kainic acid induction of synaptic plasticity genes
Subtractive hybridization screens have described genes previously that are specifically induced in the hippocampus during the neural plasticity phase after KA-induced seizures (Nedivi et al., 1993; Hevroni et al., 1998; Wheal et al., 1998) . We hypothesized that a subset of these genes is involved in the synaptic plasticity events underlying fear conditioning, and so we initially characterized the expression of ϳ40 of them. Clones of the coding sequences of these genes were prepared as riboprobe templates for in situ hybridization studies. Animals were killed 6 hr after the injection of saline or kainic acid (10 mg/kg), and brain sections were hybridized with 35 S-labeled antisense riboprobe. Of the initial 40 genes, 21 showed clear changes in the KA-treated animals compared with the control animals ( Table 1 ). The specificity of the antisense probes was confirmed by the similarities in gene expression patterns between the clones and the published patterns of expression for most of the genes, as well as the unique expression patterns with KA induction (Table 1 ). Figure 1 shows examples of six genes that are upregulated in the dentate gyrus and CA1-CA3 of the hippocampus after KA treatment, as well as two genes, RC3/neurogranin (Fig. 1G,g ) and gephyrin ( Fig. 1 H,h ), that showed extensive downregulation during KA-induced plasticity. Table 1 also briefly summarizes the temporal changes in expression of these genes during the consolidation phase of fear learning. Interestingly, the anatomical and temporal pattern of gene expression that followed fear conditioning did not correlate in an obvious way with the pattern of gene expression that followed KA-induced seizures.
Expression of plasticity genes after light-shock associative learning
We initially tested whether we could simply detect differences in plasticity-associated gene expression after fear conditioning versus placement in the context alone without fear conditioning. This would allow us to determine the time course and extent of gene expression change for later, more comprehensive behavioral studies. Animals were trained and tested as illustrated in Figure 2 A. On the training day, animals received 15 light-shock pairings given over a 30 min period (light-shock pairing) or no new stimuli (context control) and were returned to the home cage. They were killed at several different time points (0, 1, 4, or 8 hr after training; n ϭ 21 total) or were tested 24 hr later for the presence of fear-potentiated startle (n ϭ 15 total) (Fig. 2 A) . Animals that had experienced light-shock pairings showed significant fearpotentiated startle as demonstrated by a 60% increase in the acoustic startle reflex in the presence of light (Fig. 2 B ; LightStartle vs Startle alone; p Ͻ 0.05). Animals that had been placed in the context on the day of training but did not receive lightshock pairing showed no appreciable difference between startle in the presence or absence of light, and their difference scores were significantly different from the trained group (t test; p Ͻ 0.05).
Gene expression changes during consolidation
Thirteen of the 21 genes tested showed changes in expression after fear conditioning compared with the control condition. Ten of these genes showed robust expression changes (Table 1) , primarily in the piriform cortex (PC) and in the medial and basolateral amygdala. Figure 3A illustrates a schematic of the frontal sections analyzed in this experiment. Figure 3B shows examples of peak changes in the temporal lobe seen with the fearconditioned animals compared with the context control and KAtreated animals. Notice that the direction of change appears to be similar in both the KA and fear-conditioned animals, although to a different extent with different genes. Indicated are regions that show significant change with fear conditioning (Fig. 3B, arrows) as well as regions that did not change with that gene (Fig. 3B,  arrowheads) . Figure 4 shows the quantitative time course of expression for a subset of the examined genes. As expected, the immediate early genes (c-fos and zif268) were induced rapidly (0 -1 hr) after fear conditioning and returned to baseline within 2 hr (Fig. 4 A,C) . Genes encoding some structural proteins [e.g., neurofilamentlight chain (NF-l)] also peaked early (Fig. 4 B) , but other genes, including NMDA receptor (NMDAR) stabilization protein and ␣-actinin, peaked later (1-4 hr) (Fig. 4 D) . Interestingly, levels of RC3/neurogranin and gephyrin mRNA decreased during this consolidation phase (Fig. 4 E,F ) . All genes that were examined appeared to return to baseline by 8 hr after fear conditioning. The mean levels of expression for many of the genes were significantly different for the different time points and control groups even with the small number necessary for these initial broad screening studies. ANOVA between control, 0, 1, 4, and 8 hr groups: c-fos, F (4,11) ϭ 4.3, p Ͻ 0.05; zif268, F (4,10) ϭ 4.6, p Ͻ 0.05; NF-l, F (4,9) ϭ 10.5, p Ͻ 0.01; ␣-actinin, F (4,11) ϭ 4.9, p Ͻ 0.05; RC3/ neurogranin, F (4,9) ϭ 5.5, p Ͻ 0.05. Subsequent trend analyses showed significant quadratic trends for c-fos (t (7) ϭ 3.3; p Ͻ 0.02), zif268 (t (6) ϭ 3; p Ͻ 0.02), NF-l (t (5) ϭ 4.6; p Ͻ 0.01), ␣-actinin (t (5) ϭ 4; p Ͻ 0.01), gephyrin (t (5) ϭ 2.1; p Ͻ 0.09), and RC3/ neurogranin (t (5) ϭ 3.1; p Ͻ 0.03).
Changes in expression of plasticity genes are caused by associative CS-US pairing
The previous experiments suggested that there were temporally and anatomically specific changes in plasticity gene expression after light-shock pairing. However, it was not clear whether the effects were specific to the associative learning process or caused by general activation or other nonspecific effects. To address this, we performed another set of studies with additional animals at a single time point. The time course experiments suggested that the optimal time to observe changes in most of the genes examined is 2 hr after the fear-conditioning procedure (Fig. 4 and our unpublished results). Therefore, after 5 d of habituation to handling and placement in the experimental chamber, animals were subjected to 10 presentations of footshock alone (n ϭ 4), 10 footshocks explicitly unpaired with light (n ϭ 4), or 10 trials in which light and footshock were paired as in the previous experiments (n ϭ 6). Animals were killed 2 hr after the conditioning or control procedure, and brains were prepared for in situ hybridization analysis with the probes described above.
As expected, the immediate early genes had returned to baseline by 2 hr and were not significantly different in their levels of expression from the control groups (data not shown). However, the other genes examined were significant when comparing the paired light-shock group with the footshock alone or with the unpaired CS -US presentations at the 2 hr time point. Figure 5 illustrates changes that were found to be significant with seven of these genes in several different brain areas. NF-l, nurr-1, ␣-actinin, N-cadherin, and 16c8 were all found to have significant induction in at least one to two brain areas at 2 hr in the paired group compared with the footshock alone and the unpaired groups (ANOVA: 16c8 piriform cortex, F (2,13) ϭ 4, p Ͻ 0.05; 16c8 hippocampus, F (2,13) ϭ 0.7, p Ͻ 0.01; NF-l piriform cortex, F (2,13) ϭ 7.5, p Ͻ 0.01; NF-l hippocampus, F (2,13) ϭ 4.8, p Ͻ 0.05; nurr-1 habenula, F (2,13) ϭ 6.3, p Ͻ 0.01; nurr-1 endopiriform nucleus, F (2,13) ϭ 6.4, p Ͻ 0.01; N-cadherin piriform cortex, F (2,13) ϭ 9.2, p Ͻ 0.01; N-cadherin hypothalamus, F (2,13) ϭ 7.9, p Ͻ 0.01; ␣-actinin BLA, F (2,13) ϭ 5.2, p Ͻ 0.05).
Consistent with the previous experiments, RC3/neurogranin and gephyrin were significantly decreased during the same time period (Fig. 5E,G) [RC3 medial amygdala (MeA), F (2,13) ϭ 4, p Ͻ 0.05; RC3 piriform cortex, F (2,13) ϭ 4.3, p Ͻ 0.05; gephyrin BLA, F (2,13) ϭ 7.2, p Ͻ 0.01]. This experiment confirms that at a relatively late time period after the presentation of the paired CS and US, there are significant changes in the expression level of genes that may be involved in the long-term storage of conditioned fear memory. These changes occur only if the animals experience the pairing of lights and shocks and not if they receive shocks alone or the same number of lights and shocks in an unpaired manner.
To rule out the possibility of a general increase in multiple areas as opposed to a specific increase in limited areas, we also examined expression levels in regions that showed a basal level of expression that did not seem to change after fear conditioning. The first region shown with each of the genes in Figure 5 illustrates these data. In each of these regions (hypothalamus, thalamus, hippocampus, and perirhinal cortex), no significant change was seen in level of expression with the gene indicated, although significant changes may be seen in some of these areas with other genes. This demonstrates that the increases or decreases in expression described were specific for the time of expression, gene, and region of interest.
Gene expression changes with odor-shock associative learning
The previous experiment suggests that the association between light and shock led to the gene expression changes observed. To rule out the possibility that these findings were related to sensory modality or to the possible aversive properties of light itself, we examined the expression of the same 21 genes during the consolidation phase of an odor-shock training paradigm after paired and unpaired odor-shock presentations. We have shown previously that after only a small number of training trials, a neutral odor paired with mild footshock leads to robust fear conditioning (Paschall and Davis, 2002) . Animals were trained and tested as illustrated in Figure 2C . On the training day, different groups of animals received five odor-shock pairings given over a 20 min period (odor-shock paired), five unpaired presentations of odor and shock separately (odor-shock unpaired), or no new stimuli (context control) and were returned to the home cage. They were killed at several different time points (0.5, 2, 4, or 8 hr after training; n ϭ 12 total) or were tested 24 hr later for the presence of fear-potentiated startle (n ϭ 8 total). The odor-shockconditioned group showed significant fear-potentiated startle as demonstrated by a 58% enhanced startle amplitude when tested in the presence of amyl acetate (Fig. 2 D) (odor-startle vs startlealone; paired t test; p Ͻ 0.05), whereas the explicitly unpaired group showed no appreciable fear-potentiated startle (odor-shock paired difference vs odor-shock unpaired difference; p Ͻ 0.05).
In situ hybridization revealed that the set of genes induced with odor-shock pairing was similar to that induced with light-shock pairing. In most cases, gene expression at 2 hr after unpaired odor-shock presentation was indistinguishable from the context control condition (t tests; p Ͼ 0.5). Furthermore, the time course of induction of the genes that showed robust changes with lightshock pairing was similar to the time course of induction after odor-shock pairing. Again, the immediate early genes (c-fos and zif268) and NF-l showed rapid increases in gene expression at the first time point examined (30 min). nurr-1 and ␣-actinin were slower to rise and remained elevated for Ն4 hr. Again, the decrease in expression of RC3 and gephyrin lasted for Ն2 hr before returning to baseline. Despite the small number necessary for this multiple time point study, many of these changes were statistically significant or tended toward significance in the piri- Figure 2 . Associative light-shock and odor-shock pairings produce stable fear memory. A, Rats (n ϭ 36) were pre-exposed to handling and the experimental chamber for 5 d. They were then exposed to 15 light-shock pairings over a 30 min period or were simply placed back in the chamber without stimuli for 30 min (Context Control ). Animals were killed at time points after fear conditioning or were tested 24 hr later for the presence of fear-potentiated startle. B, Behavioral testing of the remaining animals from A. Mean amplitude Ϯ SEM of startle response is shown on the left axis for startle presentations in the absence (Startle alone) or presence 4 (Light-Startle) of a 4 sec light. The percentage increase (% potentiated startle Ϯ SEM) is indicated by the black bars (scale to the right) for the light-shock paired difference versus the context control difference (‫ء‬p Ͻ 0.05 between these groups). C, Rats (n ϭ 20) were pre-exposed as in A. They were then exposed to five odor-shock pairings over a 20 min period (Odor-Shock Paired), exposed to five odor and five shock stimuli that were not paired (Odor-Shock Unpaired), or simply placed back in the chamber (Context Control ). Animals were then killed or later tested. D, Results of behavioral testing after the odor-shock training experiment in C (‫ء‬p Ͻ 0.05 between these groups).
form cortex and amygdala (ANOVA: c-fos, F (4,9) ϭ 3.85, p Ͻ 0.08; NF-l, F (4,9) ϭ 6.4, p Ͻ 0.03; nurr-1, F (4,9) ϭ 16.7, p Ͻ 0.01; ␣-actinin, F (4,9) ϭ 3.7, p Ͻ 0.09). Subsequent contrasts found significant or near significant quadratic trends (nurr-1, t (5) ϭ 5.04, p Ͻ 0.01; ␣-actinin, t (5) ϭ 2.42, p ϭ 0.06; gephyrin, t (5) ϭ 2.23, p ϭ 0.08; 16c8, t (5) ϭ 2.98, p Ͻ 0.03). Therefore, these genes appear to have a delayed onset of transcriptional regulation that correlates specifically with associative learning rather than with the presence of the US alone or with the specific sensory stimulus modality.
Plasticity gene expression changes occur in unexpected brain areas
From studies of immediate early genes in fear conditioning and evidence from amygdala inactivation, we expected to find changes in synaptic plasticity genes within the basolateral amygdala com- plex. However, we also found that these and other genes examined showed significant changes in expression in several nonamygdala areas. Figure 3B illustrates that many of the genes examined showed learning-induced changes within the piriform cortex in addition to the neighboring amygdala. Figure 6 A shows the time-dependent changes of c-fos and nurr-1 expression in the associative somatosensory, perirhinal, and insular cortices along with the endopiriform nucleus (see Fig. 3A for schematic). These are areas that project extensively to the amygdala, suggesting that much of the synaptic plasticity during the consolidation phase of fear conditioning may occur in the afferent neurons presynaptic to the amygdala.
Another area found to have extensive levels of synaptic plasticity gene induction is the habenula. Figure 6 B illustrates the time-dependent changes in expression of c-fos, ␣-actinin, and nurr-1 in the habenula. c-fos increased initially and then returned to baseline. ␣-actinin increased in the same area but with a later peak at 2 hr, whereas nurr-1 peaked at 4 hr, and both returned to baseline by 8 hr. There were no obvious qualitative differences between the odor-shock and light-shock groups. It appears that piriform and surrounding medial temporal lobe cortices along with amygdala areas are activated with both CS modalities paired with shock. Figure 6C illustrates that ␣-actinin and nurr-1 do not show significant changes in the level of expression in the caudate and hippocampus, respectively, in this experiment. This demonstrates the relative temporal and spatial specificity of gene expression during fear consolidation.
For all described experiments, sections of brains from two regions were examined. Anteriorly, brain regions examined were in coronal sections containing the anterior commissure and included areas of frontal and piriform cortices, septum, hypothalamus, striatum, and bed nucleus of stria terminalis. Posteriorly, the coronal sections were focused on the amygdala, including the Figure 3A by the blue box. The color palette is the same as in Figure 3B , with black showing no signal, blue showing the least mRNA expression, and yellow to white showing the most mRNA expression. Sections are shown after in situ hybridization with the indicated genes for the context (ctxt) and unpaired controls and at 30 min and 2, 4, and 8 hr time points after odor-shock pairing. B, Pseudocolor images as in A from the habenula as outlined in Figure 3A by the green box. C, Pseudocolor images as in A from the caudate (act) or hippocampus (nurr) showing that ␣-actinin and nurr-1 do not show significant changes in these regions after fear conditioning.
centromedial, basolateral, and cortical nuclei, hypothalamus, thalamus, hippocampus, habenula and parietal, insular, perirhinal, and piriform cortices (the posterior region is that schematized in Fig. 3A) . Table 2 describes the brain regions in which altered gene expression was found. This suggests that plasticity after fear conditioning may depend on a broader neural circuit that includes, but is not limited to, the amygdala.
DISCUSSION
These studies demonstrate that several genes appear to be regulated at the level of transcription during the consolidation phase of fear memory formation. Twenty-one KA-inducible genes were characterized during the consolidation phase after the presentation of CS-US pairings. These changes in gene expression were shown to occur only when the CS and US were associatively paired, not after US alone or unpaired US presentations. Furthermore, we found that fear conditioning using an olfactory CS activated a similar set of genes in similar areas as fear conditioning using a visual CS. This suggests that the findings are related to the process of associative learning rather than because of the particular CS modality or the US alone. The gene expression changes described occurred with different time courses (Fig. 7A) . The IEGs and neurofilament were induced early and decayed within 1-2 hr after fear learning. Genes encoding other transcription factors, structural proteins, and receptor-associated proteins were expressed in similar areas as the IEGs but with later and longer-lasting time courses. Genes whose products are thought to exert a negative regulatory role on neuronal excitability (RC3/ neurogranin and gephyrin) showed decreased expression but in a similar temporally restricted manner. Thus, fear conditioning may involve the early and late expression of genes involved in different aspects of the structural and functional plasticity that contributes to LTM formation (schematized in Fig. 7B ).
Function of transcriptionally regulated genes during consolidation
The genes chosen for this screen were identified previously with the KA model of neuronal plasticity. It is surprising that a large number of these genes are temporally and spatially regulated after fear learning, a much more limited and behaviorally relevant form of synaptic plasticity. The majority of evidence for early transcription regulation after learning has involved invertebrate studies and in vitro studies of long-term potentiation (LTP) (Nguyen et al., 1994; Bailey et al., 1996; Dubnau and Tully, 1998) . The only genes that have been examined in detail during the consolidation of fear learning in mammals have been the IEGs zif268/early growth response gene-1 (EGR1) and c-fos (Campeau et al., 1991; Radulovic et al., 1998; Rosen et al., 1998; Malkani and Rosen, 2000; Jones et al., 2001) . It is thought that these genes are activated very rapidly after a salient neuronal event has occurred, in part via CREB phosphorylation and transcriptional activation. c-fos, zif268, and c-jun are dynamically induced transcription factors with short half-lives that are thought to activate later transcription events in the activated cell (Herdegen and Leah, 1998) . However, most of the important targets of these early transcriptional events have yet to be identified during neuronal plasticity.
NF-l is transcriptionally induced rapidly after associative fear conditioning. Its transcription is regulated by protein kinase A, and it contains a CREB-binding site in its promoter (White et al., 1997) . It has also been shown to be involved both in LTP and in long-term depression (Hashimoto et al., 2000) . As a structural protein known to be important in cytoskeletal remodeling, its transcriptional regulation during consolidation is consistent with possible presynaptic terminal rearrangements and postsynaptic dendritic spine changes thought to be involved in some forms of learning (Toni et al., 1999) .
nurr-1 is a nuclear transcription factor that is involved in regulation of the dopaminergic phenotype (Saucedo-Cardenas et al., 1997) and is induced during neuronal plasticity (Crispino et al., 1998) . Hippocampal expression of nurr-1 has been shown to be dynamically regulated with spatial learning (Pena de Ortiz et al., 2000) . We observed the induction of nurr-1 slightly later than c-fos or zif268 but within 1 hr after the associative fear learning paradigm. Because nurr-1 has been shown to have a CREBbinding site in its promoter region phenotype (Saucedo-Cardenas et al., 1997) , it may be involved in the second wave of transcription factors that mediate LTM.
We found temporal regulation of several genes encoding molecules involved in ECM reorganization. The protease inhibitor 16c8 has been shown to be dynamically regulated with neural plasticity and cell growth (Edwards et al., 1986; Nedivi et al., 1993) . N-cadherin is a cell-adhesion molecule known to be involved in developmental axonal connectivity as well as in LTP (Huntley and Benson, 1999) . Additionally, we saw some evidence of expression changes with tenascin, an ECM protein expressed principally by astrocytes during axonal growth and plasticity (Faissner, 1997) . These findings support the hypothesis that struc- 
The 10 genes that were found to show robust changes with fear conditioning are listed. The columns indicate the regions of interest examined for levels of gene expression during the consolidation period after fear conditioning. Regions of interest are abbreviated as in Figure 5 . Qualitative expression level indicated as in Table 1 . CeA, Central amygdaloid nucleus; Ins, insular cortex; LA, lateral amygdala.
tural changes are occurring during the consolidation of fearconditioned learning. ␣-actinin is a cytoskeletal protein that binds to actin polymers while also mediating the clustering of NMDA and other glutamatergic receptors (Wyszynski et al., 1998) . There is evidence that it may play a role in postsynaptic structural events underlying LTP (Lisman and Zhabotinsky, 2001) . We find that ␣-actinin is induced as early as 30 min and remains elevated Ն4 hr after associative US-CS pairing. Thus, its transcriptional regulation may regulate glutamate receptor (GluR) clustering underlying some aspects of fear conditioning.
Two of the genes we examined were actively inhibited with both KA plasticity and after fear learning. RC3/neurogranin is a cytosolic protein that appears to negatively regulate calciumcalmodulin (Ca/Cam)-dependent learning (Pak et al., 2000) . When its structure is altered via oxidation by nitric oxide or phosphorylation by protein kinase C, it is thought to be released, thereby activating Ca/Cam. RC3/neurogranin is involved in LTP (Chen et al., 1997) and spatial learning (Pak et al., 2000) . The decreased level of RC3/neurogranin via transcriptional regulation may be a longer-term mechanism for enhancing Ca/Cam and synaptic activity after fear learning. Gephyrin is a postsynaptic protein involved in the organization of inhibitory synapses (Sassoe-Pognetto and Fritschy, 2000) . It has been shown to actively cluster glycine receptors (GlyRs), and null gephyrin mouse mutants have reduced GABA receptor (GABAR) and glycine receptor clustering in vivo (Fisher et al., 2000) . Our finding that gephyrin appears to be actively downregulated suggests that there may be transcriptional regulation leading to decreased glycine and GABA receptor clustering. This could mediate decreased circuitry inhibition during fear consolidation to allow for longerterm mechanisms of memory storage.
Function of brain areas involved in the consolidation of fear
We have demonstrated that multiple brain areas, primarily the amygdala and regions afferent or efferent to it, show significant changes in gene expression during fear consolidation. We have attempted to prove that these expression changes, although complex, are limited in terms of genes, time courses, and regions of interest. Figures 3, 5 , and 6 illustrate that there are also regions with basal levels of expression of a gene that do not show temporal changes during fear consolidation. Thus, we believe that the reproducible changes we see with certain genes in certain areas are meaningful and specific for the consolidation of fear learning.
It is generally accepted that the amygdala, specifically the basolateral amygdala, is critically involved in the formation of fear memories (Davis, 1992; Fanselow and LeDoux, 1999) . Associative learning has been shown to activate LTP (Rogan et al., 1997) and zif268 gene expression (Rosen et al., 1998) within the amygdala. Furthermore, protein and mRNA synthesis within the amygdala is critical for fear memory consolidation (Bailey et al., 1999; Schafe et al., 1999) . The critical role of the BLA is thought to be attributable to the convergence of multimodal sensory input at that site, thus allowing for the pairing of a neutral sensory CS with a US, such as pain (LeDoux et al., 1990; Shi and Davis, 1999; Pitkanen, 2000) . The role of the MeA in fear conditioning is less clear. Induction of c-fos has been reported in the MeA after fear conditioning (Campeau et al., 1997; Rosen et al., 1998) , although the function of the MeA in fear conditioning remains uncertain.
Multiple plasticity genes were temporally regulated in the piriform cortex in these experiments. Although the piriform cortex receives a large amount of direct olfactory information, it has also been shown to receive inputs from other cortical areas, and it receives multimodal sensory inputs by way of the lateral amygdala (Pitkanen, 2000) . Its electrophysiological properties and connectivity suggest that it functions as associative cortex with a large olfactory input (Johnson et al., 2000) . Changes in gene expression were also found in the perirhinal, insular, and associative somatosensory (S2) cortices (Fig. 6 A) . The insular cortex and S2 have been shown to play a crucial role in the US pain pathway projection to the BLA (Shi and Davis, 1999) . Furthermore, the perirhinal cortex, which projects heavily to the BLA (Shi and Cassell, 1999) and has been shown to be critical for fear memory (Rosen et al., 1992) , receives multimodal information and may play a significant role in associative learning and CS-US representation (Pitkanen, 2000) . The endopiriform nucleus receives multimodal input from multiple cortical areas and also projects strongly to the BLA. These findings imply that regions projecting to the amygdala, in addition to the amygdala itself, may undergo plasticityassociated changes.
The medial, and to a lesser extent the lateral, habenula were found to have marked changes in gene expression during consolidation (Fig. 6 B) . The habenula receives inputs from a variety of limbic structures, including the central amygdala, bed nucleus of stria terminalis, septum, and cortical areas (Pitkanen, 2000) . It projects to several midbrain structures, including the ventral tegmentum and the raphe nuclei (Sutherland, 1982) . Our data suggest that plasticity underlying fear learning may occur both at the sensory-input stage of limbic functioning represented by the amygdala and its afferents, as well as in the convergent-output stage as seen with the habenula.
Implications for learning and memory
A debate exists within the literature regarding the storage of fear memories. Connectivity and lesion experiments of the BLA have led to the hypothesis that fear memories are stored within the BLA complex (Fanselow and LeDoux, 1999) . Others argue that the amygdala serves primarily to activate salience and vigilance systems, and thus, it modulates the encoding of emotionally salient memories in a distributed cortical network (McGaugh et al., 1996) . Our data suggest that both of these hypotheses may be true. Significant changes in expression of plasticity-related genes are found within the amygdala as well as in neurons afferent to it. This implies that plasticity critical for fear consolidation may occur both within neurons of the BLA and within the presynaptic terminals of its afferents. Furthermore, plasticity may be occurring in regions efferent to the amygdala, such as the habenula, suggesting that a broader circuit may underlie the full range of learning and expression of this complex behavior.
Our data imply that several genes that have not been implicated previously in fear conditioning are involved in its consolidation. The data also suggest that brain regions not known previously to be involved in this process may be important. Confirmatory studies, such as region-specific inhibition of gene expression or protein function, will need to be performed to definitively conclude the role of these genes and brain areas in the consolidation of fear conditioning. In summary, our data suggest that the early molecular events necessary for consolidation, the posttranslational modification and translational regulation of protein products, are supplemented by complex temporal changes in gene expression. Together, these changes mediate both the early and eventually late phases of long-term memory consolidation in mammals.
